Background. The regulatory mechanisms of parathyroid hormone (PTH) synthesis are complex, involving calcium, calcitriol, the calcium-sensing receptor (CaR) and the vitamin D receptor (VDR). In this study, the effects of calcium and calcitriol on the simultaneous expression of CaR and VDR mRNA and protein levels were assessed in parathyroid glands cultured in vitro. Methods. Parathyroid glands (N = 424) were removed and cultured for 24 h to study the effect of calcium on the CaR, VDR and PTH. In addition, the effect of calcitriol at low calcium concentrations (0.6 mM) on CaR and VDR levels was studied after 48 h of incubation. CaR, VDR and PTH mRNAs were measured by quantitative real-time PCR (qRT-PCR), and CaR and VDR protein levels were measured by immunohistochemistry.
Introduction
Calcium and vitamin D are two important factors involved in the regulation of parathyroid hormone (PTH) synthesis and secretion acting in the parathyroid cell through their specific receptors: calcium-sensing receptor (CaR) and vitamin D receptor (VDR). While the CaR is a cell-membrane receptor and a member of the G-protein-coupled receptor family, the VDR is a nuclear receptor that, when bound to vitamin D, acts as a transcription factor. The differences in the nature of the two ligands and their receptors lead to two different mechanisms of action with a complementary function on the parathyroid cells.
On one hand, small decreases in extracellular calcium concentrations are rapidly sensed by the CaR, triggering an increase of PTH release within seconds or minutes. Small increases in calcium are also sensed by the CaR yielding opposite results [1] [2] [3] . On the other hand, vitamin D acts through a slower mechanism. Vitamin D enters into the parathyroid cell and binds the VDR. Then, the activated VDR translocates to the nucleus where the complex represses PTH gene transcription and therefore PTH synthesis [4] [5] [6] .
PTH regulation is more complex; if low calcium concentration persists for periods longer than seconds or minutes, PTH gene transcription is up-regulated and parathyroid cell proliferation increases [7] . In contrast, calcitriol is a wellknown parathyroid cell proliferation inhibitor [8] .
Finally, calcium and calcitriol may modulate parathyroid cell function by regulating both CaR and VDR expression. There could be indirect actions that may depend on the interrelationship of calcium, calcitriol, CaR and VDR contributing to the regulation of the gland that is still not completely understood. Several papers have concentrated on this likely regulation; however, most of them have been performed in vivo [9] [10] [11] [12] , where it is hard to ascertain the specific role of each modulator since it is difficult to keep all of the previous factors under control [11, 12] . The effect of calcium on the regulation of the VDR has been already assessed both in vitro and in vivo [13] ; nevertheless, the 3480 N. Carrillo-López et al. in vitro studies were carried out in very short term periods. In addition, the effect of calcium and calcitriol on their own receptors regulation has been studied only in vivo [9] [10] [11] [12] [13] . Furthermore, the different studies concerning the effect of calcitriol on CaR regulation have shown contradictory results [11, 12] .
In this study we aimed to assess the long-term effect of calcium and calcitriol on CaR and VDR simultaneous expression in intact rat parathyroid glands cultured in vitro.
Materials and methods

Parathyroid tissue culture
Parathyroid glands were obtained from 3-month-old male Wistar rats (n = 212), with normal renal function, as previously described [14] . The parathyroid glands were randomly placed in groups of eight glands into a nylon basket containing a permeable membrane of 12 µm pore size, physically isolating the glands from the bottom of the well (Transwell Costar, Corning, NY, USA). The glands were constantly shaken (AOS-0 SBS Instruments SA, Badalona, Spain) at 37
• C with 2 mL of a standard medium containing 125 mmol/L NaCl, 5. 25 mmol/L sodium Hepes, 0.1 U/mL insulin, 0.1% bovine serum albumin (BSA), 100 U/mL penicillin, 100 µg/mL streptomycin sulphate, 1 mmol/L phosphate (added as NaH 2 PO 4 and Na 2 HPO 4 in 1:2 proportions) and 0.6 mM CaCl 2 , buffered at pH 7.4 (all reactives from Sigma-Aldrich Co., St Louis, MO, USA). The University of Oviedo Ethics Committee for the use of laboratory animals approved this study.
In the calcium experiments, three different calcium concentrations were used (0.6, 1.2 and 2.0 mM). Culture media with 1.2 mM and 2.0 mM calcium were prepared from the standard medium adding CaCl 2 , to obtain the desired concentration. In the calcitriol experiments, 10 −8 M calcitriol (Sigma-Aldrich) or vehicle was added to the standard medium. The glands were washed for 8 h in the standard medium changing the medium every 2 h. Then the parathyroid glands were cultured for an additional 24 h for calcium and 48 h for calcitriol experiments, changing the culture medium every 12 h. After the culture period, the glands were gathered and submerged in an RNAse inhibitor solution (RNAlater R Tissue Solution, Ambion, Austin, TX, USA) and frozen at −70
• C until their study. To assess the effect of calcium, 11 independent experiments were performed, using a total amount of 264 parathyroid glands. Each experiment consisted of 24 glands that once removed from the rats were randomly divided into three different groups. Every group was cultured for 24 h after the washing period in different culture media containing different calcium concentrations (0.6, 1.2 and 2.0 mM). To assess the effect of calcitriol, 10 independent experiments were performed using 160 parathyroid glands. Each experiment consisted of 16 glands that once removed were divided into two groups and cultured in the standard medium for 48 h after the washing period, one group with calcitriol 10 −8 M and the other with vehicle.
Cell viability was measured at the beginning and at the end of the culture period by flow cytometry (FACScan, Becton-Dickinson, Franklin Lakes, NJ, USA) as previously described [14] , always showing values >85%.
Phosphorus, calcium and pH, measured in the culture medium at the beginning and at the end of all experiments, remained stable during both the 24-and 48-h periods in culture. Phosphorus was measured by routine colorimetric assay, and ionized calcium and pH were measured with a calcium-selective electrode (Ciba Corning R ).
RNA extraction
Total RNA was extracted from every pool of parathyroid glands with a TRI TM reagent (Sigma-Aldrich). Despite the fact that parathyroid glands in culture maintain their functionality up to 4 days [14] , RNA degradation might occur, and thus we ensured that every pool of glands used had highly pure total RNA (A 260 /A 280 > 1.9). For this reason, four calcium and three calcitriol experiments were discarded, since the RNA of at least one pool of glands of each experiment did not satisfy the purity criteria.
Reverse transcription
The cDNA was obtained from 1 µg of total RNA and reverse-transcribed using SuperScript TM reverse transcriptase (Invitrogen TM , Carlbad, CA, USA) following the manufacturer's instructions.
Real-time PCR
Quantitative real-time PCR (qRT-PCR) was performed on an ABI Prism 7000 Sequence Detection System (PE Applied Biosystems, Foster City, CA, USA) using TaqMan R Universal PCR Master Mix (PE Applied Biosystems). PTH, CaR, VDR genes and endogenous control (18s) were analysed using TaqMan R pre-developed assay reagents (TaqMan R Gene Expression Assays-On-Demand Rn 00566882_m1, Rn 00566496_m1, Rn 00566976_m1 and Eukaryotic 18s rRNA Endogenous Control Reagent, respectively) (PE Applied Biosystems). All reactions (in triplicate) were performed by amplifying endogenous and target genes in the same plate. To check reaction sensitivity, serial dilutions of cDNA (1/2, 1/4 and 1/10) were used to amplify endogenous and target genes. The absolute value of the slope of log input amount versus C T was <0.1 in all cases (PTH versus 18s: −0.0762, CaR versus 18s: 0.0112 and VDR versus 18s: −0.0915). Relative quantitative evaluation of target genes was performed by comparing threshold cycles using the C T method, as previously described [15, 16] .
Immunohistochemistry
The CaR and VDR were detected by immunohistochemistry in 5-µm-thick serial sections from paraffin-embedded parathyroid glands using specific antibodies and haematoxylin counterstaining (Dako Real TM EnVision TM Detection System, Peroxidase/DAB+, Rabbit/Mouse, Dako, Carpinteria, CA, USA, and rat ABC Staining System, Santa Cruz Biotechnology, CA, USA). The CaR was detected using a rabbit polyclonal antibody against a 23-amino-acid peptide within the extracellular domain (residues 203-226) [17] . The VDR was detected using a rat monoclonal antibody against the C-terminal of the DNA binding zinc finger domain (residues 89-105) (Chemicon-Millipore, Billerica, MA, USA). All the samples were processed at the same time in order to keep all the possible variables of the immunostaining procedure constant.
Statistical analysis
Statistical analysis was performed using SPSS 12.0 (SPSS Inc., Chicago, IL, USA) and comparisons were performed using non-parametric tests (Wilcoxon). Significant differences were considered when P < 0.05.
Results
Effect of calcium on PTH gene expression
Parathyroid glands cultured for 24 h in a medium containing 1.2 mM calcium showed a significantly reduced PTH gene expression. The presence of a higher calcium concentration (2.0 mM) did not show a further decrease in PTH mRNA levels ( Figure 1) .
Effect of calcium on CaR and VDR gene expression and protein levels
The parathyroid gland CaR gene expression was similar after 24 h in culture among the three different calcium concentrations tested (0.6, 1.2 and 2.0 mM) (Figure 2A ). In contrast, VDR gene expression increased when the calcium concentration in the medium increased, achieving statistical signification with 2.0 mM of calcium ( Figure 2B) .
Theresults of gene expression were corroborated at a protein level. No differences were observed in CaR levels detected by immunohistochemistry among the three different calcium concentrations ( Figure 3A , B, C), whereas VDR protein levels increased when parathyroid glands were cultured in higher calcium concentrations (Figure 3E, F, G) .
Effect of calcitriol on VDR and CaR genes expression and protein levels
Both VDR and CaR genes significantly increased their expression in parathyroid glands after 48 h in culture with calcitriol (10 −8 M) (Figure 4 ). The same effect was found when VDR and CaR protein levels were analysed by 3482 N. Carrillo-López et al. 
Discussion
The purpose of this study was to assess the effect of calcium and calcitriol on the simultaneous expression of CaR and VDR mRNAs and protein levels in parathyroid glands cultured in vitro. On one hand, the increase in calcium concentration in the culture medium up-regulated VDR expression but did not modify CaR expression. On the other hand, calcitriol up-regulated not only VDR expression but also CaR expression. The study was carried out using a long-term culture model of parathyroid tissue previously set up in our laboratory [14] . We demonstrated that under certain conditions parathyroid tissue is maintained viable and functional up to 4 days in culture [14] . However, based on the previous published results, we considered that 24 h in culture for calcium and 48 h in culture for calcitriol experiments were the most adequate times for the study. We demonstrated that incubations of up to 24 h were necessary to reach a stable PTH secretion and to obtain an adequate response to calcium [14, 18] , although prolonged stimuli with high calcium concentrations could trigger a protective mechanism against the CaR long-term activation [19] . Additionally, we also demonstrated that incubations of up to 48 h in culture with calcitriol were necessary to observe a significant decrease of PTH synthesis and secretion [14, 18] .
In the present study we took a step forward, demonstrating that calcium concentrations of 1.2 mM decreased not only PTH secretion but also PTH synthesis measured by qRT-PCR after 24 h in culture, showing no further reduction if the calcium concentration was increased up to 2.0 mM (Figure 1) . Similar results had been previously reported both in vitro, after shorter periods of culture (6 h) [20] , and in vivo [21, 22] .
The reduction of PTH mRNA observed when calcium concentration in the culture media increased cannot be explained by changes in CaR gene expression, since CaR mRNA levels did not show significant differences after doubling and even triplicating the calcium concentration in the medium (Figure 2A) . Thus, the PTH synthesis inhibition observed (Figure 1 ) must be due to the CaR activation but not to an increase in CaR gene expression. Similarly, previous in vivo studies had also found no changes in CaR mRNA in rats fed with a diet containing different contents of calcium, suggesting, like in our study, a weak or even inexistent regulatory effect of extracellular calcium on CaR expression [11, 12] . However, in previous in vivo studies the other biochemical parameters (calcitriol, phosphorous) varied under different conditions, while in our study only calcium changed in the different experimental groups. This lack of the effect of calcium on CaR expression was also corroborated at a protein level ( Figure 3A, B, C) .
In contrast, our results demonstrate that, despite the fact that VDR is the specific receptor for calcitriol and other active vitamin D metabolites, parathyroid glands' VDR gene expression is modulated by calcium, showing that the higher the calcium, the higher VDR mRNA ( Figure 2B ) and the protein levels (Figure 3E , F, G). This effect had been previously described both in vivo [10, 13] and in vitro [13] but using very short incubation periods compared to those used in our study.
The second aim of this study was to investigate the effect that calcitriol exerts simultaneously on VDR and CaR expression. We have demonstrated for the first time in an in vitro model that calcitriol up-regulates not only mRNA ( Figure 4B ) but also protein levels of its own receptor ( Figure 5D , E). This effect had been previously described in vivo in both clinical and experimental studies using calcitriol [9, 10, 23, 24] or maxacalcitol [25, 26] . The in vitro effect of calcitriol had been previously observed in parathyroid glands cultured only for 6 h and with high calcium concentrations [13] , while our results showed for the first time that calcitriol increased VDR levels after a more prolonged period of 48 h of culture even with low calcium concentrations (0.6 mM). According to the previously discussed VDR results obtained with low calcium, this effect cannot be attributed to calcium but to calcitriol, since the control and the calcitriol groups were both cultured with low calcium concentration.
Furthermore, we found that calcitriol, besides its effect on VDR, increased CaR gene expression, showing higher mRNA ( Figure 4A ) and CaR protein levels ( Figure 5A, B) . These results are in agreement with previous in vivo findings in parathyroid and kidney tissues [11, 27] and also with a recent study describing vitamin D responsive elements in the promoters of the CaR gene [28] , and they support the hypothesis that calcitriol up-regulates CaR gene expression, even at low calcium concentrations (0.6 mM) ( Figure 4A ). This in vitro effect of calcitriol on CaR and VDR expression has not been studied previously at the same time as it has been carried out in our study. In addition, in our experiments, the simultaneous measurements of CaR and VDR mRNAs and the protein levels have been studied during longer periods of culture (24 and 48 h) compared with the previous very short term culture period (up to 6 h) carried out measuring only the VDR [13] .
Parathyroid cell proliferation and/or hyperplasia have been reported to be associated with a decrease in CaR [17] and VDR [24] expression by several authors. Moreover, some authors had speculated that parathyroid cell hyperplasia precedes down-regulation of CaR expression in the uraemic rat model [29] . Although after 24 or 48 h of culture it is not expected to find changes in cell proliferation, the parathyroid glands were immunostained for proliferating cell nuclear antigen. We could not find any proliferating parathyroid cell at any of the different calcium and calcitriol concentrations used (data not shown). This lack of proliferation activity is not surprising since the non-hyperplasic parathyroid tissue has a very low proliferation rate [30] [31] [32] .
In summary, calcium seems to up-regulate VDR but not CaR mRNA and protein levels in parathyroid glands cultured in vitro for longer periods than previous studies. In contrast, calcitriol up-regulates both VDR and CaR levels even in the presence of low calcium concentrations.
